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SUMMARY

Sound pregssures of the first four harmonics of rota-
tion noigse from a full-scdle two~blade propeller were
measured and are compared with values calculated from
-thecory. The comparison is madce (1) for the space distri-
bution with constant tip speed and (2) for fixed space
angles with variable {tip spoed.- o

A relation for rotation noisc from an clement of ra=-
diuvs developed by Gutin is extended to cover thd cntire
propeller disk. GCurves are given showing the cffect of
number of Dblades on the rotaotion noise,

IXNTRODTUCTION

Propeller noise con, in general, be divided into two
classifications: (1) rotation noise and (2) vortex noisc.
The first is by far the more intense. The second, as the
name implies, is due to the shedding of vortices from the
bladess; and its intensity and frequency spectrum probably
depend on angle of attack, velocity, air turbuléance, blade
chord, and shape of the blade sections from hub Lo tip.

The rotation noisc is duc to the pressurc wave envel=-
oping cach blade and moving with it; the vortex noilsc.is
due to pressure variations on the blade as a result. of
variations of circulatioa. It may be simply stated that
the rotation noise is due %o the constent air force on the
blades and that the vortex nolsc is duc to the vortices
shed in the wake.

The rotation noise may be further divided into the
rotation noise due (1) to torque and thrust and (2) to
blade thickness. The second case has been treated in a
previous paper (reference 1), The offect of thickness on
rotation noise is small ecxcept for the higher harmonics
and small angles of attack.
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The propeller rotation~noise theory (refercnce 2)
does not check with cxperiment in some respects, especial-
1y in the details of spatial distribution and time phase
of thc harmonics; bubt the theoory does predict to a fair
degree of accuracy the cnergy radiated as sonnd and the
maximum sound pressures encoluntered., The general shape
of the spatial distridbution of sound pressure of the fun-
damental and the second harmonic for a two-blade propcl-
ler is failrly well given by theory. For highocr harmonics,
the distribpution is not so well given by theory. The use
of the theory does, however, give rclatively accuratec val-
ucs for the magnitudces to be cxpected, which is perhaps
all that is requircd in sound réscarch where onc is deals
ing with sound levels in decibels instoad of percentages.

H

[
]

CRY OF EFFECT OF TGBQUE.AED THRUST

"

Gutin (reference 2) starts his derivation for the
effect of torgue and thrust with

3 7 5 & - :—1kr
¢ = = .t (% él + Y él + 7 ;2_\§;*~_~' (1)
drikpe N Ox 3y dz /

and arrives at the result

mw, | e -~ neM
P ==t = P cos g+ ——|JIyy (kKR sin %) (2)
: 2mer L wiR | .

Equation (1) employs the standard notation used in acous=-
ties, X, T, and 2 TDbeing the components of force ex-
grted by the blade element on the mediun. Some of the
"symbols uscd by Gutin are different from those used by the
NeheCehAs in acousticss in order to avoid confusion, the
following table, which compares acoustic symbols, has
"been included in this papere.
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Item Gutin FehoeCoho
Mass deunsity of medium P )
Velocity of sound c c
Angular‘velpq;ty w, (u)1 = pW)jw = %
Freguency, cycles per second £ f
Wave leugzgth A A
Distance of microphone to
center of propeller T 1
Humber of blades n ﬁ
Order, of harmonic m q
Thrust P iy
Total thrust P To
Torgue M Q.
Total ftorgue ‘M Qo
Propeller radius R R
Pr0pelicr tip radius Ro Ro
Blade-=2lement station — X = 2
, : - : Ro .
Section vecloclity - v
Angle in disk from reference| 6 S
Dircction from front of dislk < 8
Bossel function argument kB sin 9 m = gn sin B %
Sound pressuroe P .p
. ?qn
Harmonic power, watts W Pan
Constants - Kmq, KQ




4 N.A.C.A. Teochnical ¥Notec Fo. 747

Item - Gutin ;‘\T’.-LX.C oAn
Solidity - o
Distribution exponent - a, b, ¢, and f

Begsel function of first
kind of order gn Jun J

Gutin, in the coursc of hi
(2), develops the relation for
distant point due to the torgu
clemont of radiuwus dR. This @
¥.A.C.A, dAcoustic notntion, is

s dorivation of cquation
the sound pressurc at a
and the thrust from an

e
elation, oxpressed in the

qow ¢ a7 caqy
o IZ e o m—— 08 o+ J n rz
TP an omet N oam o° g wRe 4m/ “4n (m) aR ()

FProm this relation, Gubtin, by studicd approximations, are
rives at the rclation given in equation (2).

The usc of simplc relations to represent the torque
and the thrust distribution makes it guite feasgidle to
integrate over the entire disk. An cquation resulting
from this intcgration will 'show the effect of torgue and
thrust distribution on the gound pressurc of the harmonic
compounents,

By tho use of

a b -
a7 /7 R\ / R ‘
Zex () - () (4)
dr LMSo 7 NEo/
and
-, < C £ -
d..'... L N ::LO / RO / J
for th and the torgue distributions, respoctive-

o

t
d n (3) can be integrated. The constonts Kp
and X gua

c %
1y, ecuat
o in cquations (4) and (8) can be found by inte=
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grating with respect to R from O to BEg. - The result
is

~

T (é + 1)(b + 1) ]
K - Ez-[ CEr (6)
.and T
: Q0 Cle + 1Y(f + 1) ] "
KQ _ROL _(f-e), _J (7)

where the subscript o refers to the values at the tip
and to integrated wvalues.

o . . o aT. aqQ
Substitution of the values for —— and — 1in egqua-
aR dR

tion (3) gives

-

_ qnuw To (a+1)(b+1) F(T:\ /R
Pan = 371 J/m { Rq cos B (b~a) L Ro / \Ro >
‘. o .

cQp (o+ 1)(f+1) [<11> © /x )f]} Tqn(m) AR (8)

WR,R? (f-e) Ro 2o

Integration of equation (8) gives

. 1
(gn+a+1)(qn+ b+ 1)

qnw
Pan = 501

{% To cos B (a +dl)(b4-l) [

Lg=

2(2an+-2)(qn+a+ 3)(gn+ b+ 3)

m4
+ 0 . _.-..._.-.....]

2x4(2qn+ 2)(2qgn+4)(aqn+a+5)(gqn+ b+ 5)

2
23 (o4 1)(r41) > -— =0 —
WR4* (gqn+e-1)(qn+f=1) 2(2gn+2) (gnt+e+l) (qu+f+l
4 qn
"o o (9)

+ - . . - D et ]
2x4(2qn+2) (2qn+4) (gqn+e+3) (qn+f+3) J}'gqn(qn)g
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. v
where mny = qn sin B -2, It can be shown that the argu~
c n 2
ment my is cqual to Ea h)fln ?, _or the number of

wave lengths contained in a distance equal to w times
the diameter projected on the line to the obscrvers

Equation (8) could have been integrated in terms of
a series of Bessel functions, for which tables could be
useds; but the expression resulting therefrom would be more
cunbersome to usce than cquation (9), at least for the
smaller volues of qn.

REFERETICE COWDITIOHNS

The conditions under which the calculations for the
gsound pressurcs and the experimental teosts were made are:

Fumber of propeller blades n, 2.

Blade radius to tip Ly, 4.75 foct.

Blode section, N.A.F. 6.

Blade angle at 0.75L, o, 5°.

Distance of microphone to propeller center 1, 85 feoct,
Total thrust at propeller speed of 1,700 r.p.m.

<£%.= 0 )TO, 668 pounds;

Total torgue at propclier spoéd of 1,700 f.p.m.

Y = 0Yq, 251 pound-foot.
nD /

Specific acoustic resistance pec, 42 grams per sec-
ond centimeter®.

The dota for thae polar curves werc obtained ot a con-
stant propecller specd of 1,700 r.p.n. and with tho azinuth
angle B Dbetween propeller azis and nicrophone changed in
steps of 15°, For the specd runs, the angle was held at a
constaont value of 120° for the fundamental, 1109 for the
second and the third harmonics, and 102-1/2° for the fourth

x

harnonic, whilec the spced was varied from znininum to naxinun.
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COMPARISON OF EXPERIMENDAL -AND CALC ULATED SOUND PRESSURES

The calculated and the experimental sound pressures
re compared for the first four harmonics of the sound for
the reference conditibns. The comparisons are for (1) the
polar distribution of sound and (2) the variation of sound
pressure with propellor speecd for a fixced polar angle . 8
from the propeller axis. '

gure 1 shows the variation of sound pressure with
the first four harmonics. The polar distribution
sound pressures is represonted by three curves:! one
y experimental valuecs, the sccond from values calculat-
from equation (2), and the third from equation (9). In
cquaticn (2), P and ¥ arc the total torgue and thrust,
rc3ucct1voly, and L = 0.75%5. For usc in cguation (2),

, and f = 12 (sce fig., 2); thesec
parancters give the thrust arnd the torgue distribution
£ c blade angle used with  zoro advance,

O MO ™
Qs 1y
Q
E o
o
G oMb

-

t

t

ould be added that the thceoretical valucs
cd by 2 fer plotting and for comparison

entel volues. Beecadvse the microphone was
& t was neccssary to multinly the theoretical
values by 2 and, Decausc the equation givoes maxinum values,
division by 2 will give root=-mean-square values for which
the microphone is calibrated.

For the given dircctions or angles B, the log,o of

4

trhe sound pressure Pqn is shown plotted ahwlngt 1og10VO,c
(specd runs) in figurc 3. TFigure 3(c) shows the cxzperinmene
tal valdesy figure 3(b) shows the wvalucs obtained from
equations (2) and (9). Thoe mcan slopes of these graphs are
shown in figure 4 plotted against aqau.

EFFECT OF ¥HUMBER OF BLADES

¢0u1cu that, in the formulas, g and =n appear only
as the product qn. Thus the sound pressure of a certain
fregucency is the same whether the fundamental of a four-
blode proveller or the socond harmonic of o two~blade pro-
peller is concerned, prov1upd tant the tot%tel thrust and
torgue are the sone. HNote thnt only nultinles of the fun-

dancntol of cach propeller occur
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Figure 5 shows the sound pressure Dpgp plotted

against qn for the reference conditions given earlier
with the thrust and the torque fixed. It will be realized
the n mnust be a whole number; obviously, values between
wholc nunbers have no practical ncaning.

For a two-blade propeller, the valuecs of ¢gn for the
harnonics would be 2, 4, 6, 8, 10, 12, etc.; for a thrce-
blade propeller, 3, 6, 9, 12, 15, 18, ctz.; for a four-
blade propcller 4, 8, 12, 16, 20, 24, ctc., For any value
of tip speced used, the sound pressurc of all the harmonics
for any coandition can be estinated from curves like thosc
in figurc 5. It nust be rencmbered that the sound pressure
is proportional to the torguo and the thrust as shown in
equation (9) and that flgure 5 is plotted for the:given con-
ditions with B = 110°

POWER RADIATED AS ROTATION HWOISE

For nornal conditions, the power radiated as sound is
largely made up of rotation noisc. The power involved in
the vortex noise is relatively small except at low values
of TVo/ce This conclusion would be true for propellers
with two or three blades; it is possible, however, that
the power involved in vortex noise may be egual to or even
greater than that due to rotation noise for a large number
6f blades.

The power in watts radiated can be obtained by sub=-
stituting the data given hcrblﬁ in the relmtlon (see ref-
erence 2)

ki

1077 2 :
Pan = - f P";n 2m1® sin ‘B 4B (10)
Yo

pc

For this relation, the data given by %the polar curves
of the sound pressures can be uscd. These data were mecase—
ured at 15 intervals up to 360°, making 24 valucs for the
conplete polar circle. Since sound pressures were ncasurcd
on both sides of the 09 - 180° axis, the sguarc of cach
pressure neasurcd from 0° to 180° should be added ‘to the
squarce of the corresponding pressure on the opposite side
of the axis and the mecan of thesc two sguarcs be taken.
This conmputation will result in 12 values of pqnz for

the experinental sound pressure consistent with the ronge
of the integral O to me An inmportant fact to remember is
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that the valucs of Pgn used in eguation (10) refer to
the values of pgp calculated fron equations (2) and (9),
which arc maximun valucs of the sinusoidal sound pres-
sures calculated for froe spaccs The sound pressurcs
neasured by the microphone on the ground are double the
values that would be mcasurcd in the samo relative loca=
tions in frece spnce. If values were teken from figure 1,
they must therefore be divided by o 2. Eguation (10) then
boeconcs, with Pqn ‘as the neasured PrCSSUTCeSs,

- -7 2 .
,”218 10 12 5 .
Pun = S Pgn sin B (11)
= 2°'X l2pc 0
The veluwes of p,, wore obtained for the first four
hornonies gn = 2, 4, 6, and 8, by thrce uethods: (1) fron
the czperimental dato; (2) from equation (2); (3) from equa-
tion (9) with %2 - x12 quged Ffor the thrust and the torgue
distribution. All othcr reofercnce conditions wore the sanc,
The calculations of the power rodintion, czprosscd in watts,
h¢
h

arc conpuarced in the following table:

Experinental o b .

iota Equation (2) Equation (9)
Pl ya 18.2 17.08.5 4.8 7.4
Py 6.3 5.6 2.8 5z 2.6
Paxa 2.9 L -8 £ 1.0
Poya | 1.2 RE Y 1 .85

These listed wvalues of power radisted by the first
four harmonics are plotted on semilog paper in figure 6.

The sun of the wattages for the first four harnmonics
gives very nearly the total power in the rotation noises
Fron the threc different nmethods of calculation, the powers
arc ' '
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Experiment, Eqn = 28.7 watts.
§n=2
- 8 S ]

Bguation (2), ::‘ Pynp = 12.3 watts, 3.68
/ e decibels below 28.7
qn=2 watts. ’

8

Zquation (9), \\ Pqnz 11.35 watts, 4.04
[ decibels below 28.7
qn=2 watts.

DISCUSSION

In the course of the experimental work connected with
this paper, the question of interference appeared. With
the microphone placed 5 feet above the ground, data werce
obtaincd that gave speed—run curves which werce less stecyp
than theory indicated, particularly for the third and the
fourth harmonics. The polar curves obtained with the mi=~
crophone in this position did, however, check rcasonadbly
well with the thcory.

With the microphone on the ground, the position usecd
for the data presented herein, the slopes of the speed-
run curves were stceper than theory indicated cxcept that
for the Ffourth harmonic, which was less steep than the
theory indicated. This result is shown in figure 4, Tke
slopes shown in figure 4 obtained from equations (2) and
(9) arc very ncarly the samec. Thc polar curves give a
fair check for the first and the second harmonics, but the
third and the fourth hormonics show a discrepancy of about
4,6 and 6.4 deecibels, respectively, for power radiated.

As might be expected, the first harmonic showed little
effect of interfercnce because the wave length was about
20 feet for a propeller speed of 1,700 r.pem. This wave
length was sufficiently large comparcd with the mesh of the
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nearby ‘objects and the roll of the ground that the acous-
tic image of the propeller was fairly definite dbut was
probably not definitc enqugh for the highcer harmonics.

As has probably becn observed, the curves obtained
from equations (2) and (9) do not check in absolute mag~
‘nitudes. For the first and the sccond harmonics, the use
of cquation (2) results in the higher valucs, giving the
better check of theory with experiment. The opposite is
true for the third and the higher harmonics because equa-
tion (9) gives the larger values. In equation (2), how=-
ever, O0,75R, was usecd for R for all harmonicsj; whereas,
progressively larger valucs should have been used for the
higher harmonics.. If larger values of R had been usecd
in cquation (2), as Gutin suggests in his studiecd approxi-
mations, the difference in sound pressurcs obtained from
equations (2) and (9) would have been small.

As higher harmonics ond a greater number of blades
are considcred, the thickness cffect beccomes more impors
tant reclative to the thrust and the torque effect, partic-
ularly at high  Ve/e. This conclusion is drawn from a
study of the offect of g and n in equations (2) and (9)
comparcd with the effect of q and n in equation (19) of
refcrence 1. '

A Dbetter approach to experimental data can be obtained
‘ by including thickness cffect than from eguation (2) or

(9) alonc. If the sgmare root of the sum of the squares

of the sound pressurcs obtained from cquation (9) and from
cquation (19) of reference 1 were calculated, better com=
parison with cxperiment should result. A differcnce in
tinme phase occurs between the thickness effect and the
thrust and torquec cffecct, thc Fouricr scrics for the thick=
ness effect being o sine serics and that for the thrust

and torque cffect being a cosine serics; hence, the square
root of the sum of the sguares is sugfested. '

For convenicnce, cquation (19) of referecnce 1 for
thickness cffoct is repeated as cguation (12) of this paper.

; R VLR 14t r 1
Pap= 242 an agpfa,b) =2 Lo 0 -9
- . : t 2 29" (ga)t Lan + 1

mo? ny*

o - - .
2(2qn+2) (qu+3) 2x4(2qn+2) (2qn+4) (gn+5)
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where

-

*
¥

fla,b) = %-a (for typical symmetrical airfoi}=sec%ion).
o’ is one=holf mazinum thickness at about O0.80R,. -
b, chord at about 0.80Rg. o

ang all of the other symbols are the same ag those used in
the prcscnt poper. As eguation {(12) gives twice the free-
space root-mecan-sguare velues, all valucs obtained fron
equation (12) nust be divided by /2 in order to be used
with %the values obtained fron equation (2) or (9).
importonce in do=
he approxinations
{(12), the angle
1. If qndb/R is
will arises

The quesdtion of solidity o 1s of 1
ternining the Fouricr ccecefficientssy for +
nade in &criving equations (2), (3), and
qnb/R nust therefore be reasonably snal

not snmally errors in the calculation of Pgn

but it is Dbelicved thot harnonics up to the corder of 1/203
one=half the rociprocal of the solidity, con be calculated
by equations (2), (9), and (12) without scrious error from
this cause. _The solidity o can be expressed by nb/2mR.

A good descriptive article by M. F. Dowell on the ques-—
tion of vortex ngise (refercnce 3) recently appeared as a
result of some investigations of fan noise. This work ine-
volved low tip 'speeds so that practically a2ll of the noisec
cencrated was due to vortices trailing from the blades., If
sufficiently high values of tip spced had becen used in the
tosts, rotational noisc would have had to be considcred )
and would have dominated the occoustic spectrum from the fan.
The importance of the rotation noise ot high tip spceds is
duc to the fact that rotation noise generally incrcascs
with o, grcater power of Vb/c than does vortex noisce. It
is found from figurc 4 that rotation neise power radiated
in the harmonics varics approxzimately as the 6 + 5/3 qn
power of JVo/c, Dut the power-radinted as vortex noisc.
v?rios as approximately the 5.5 power of Vy/e (refecronce
4).
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COXCLUSIONS

1. The theory gives velues of total power radiated in
the first four harmonics within 4 dccibels of experimentol
values. '

2+ This study shows thot the experimental results are
in reasonably good agreement with Gutin's theory. The
agreement is particularly good for the lower harmonics, in
regard to both magnitude and distribution.

3+ For the fourth harmonic, the results differ by as
much as 8 decibels. This disagrcoment might be due to
disrcgard of the thickness effect, which, in gencral,
should be greater for the higher harmownics.

4, It has bcen shown that the power output in rota-
tion noisec increascs os the 6 + 5/5 gn 7power of the tip
speced.

5. The sound calculated by use of the x? - x1° dig-
tribution checks reasonably well with the sound calculated
by Gutints formulsa using 0.75R, as recprescntative.

& (o] R

Langler Memorial Aeronautical Laboratory,
Fational Advisory Comnittce for Aercnautics,
Langley Piecld, Va., ¥November 27, 1939.
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Figure 5.~ Variation of P, with qn for six values of Vo/c at B = 110°, Thrust and torque constant
- at given refergﬁoo condition, :



